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Background: The Tim/Tipin complex plays a 
critical role in the S phase checkpoint and 
replication fork stability by a molecular 
mechanism not yet elucidated. 
Results: The human Tim/Tipin complex 
specifically enhances the synthetic activity of 
DNA polymerase !. 
Conclusion: The Tim/Tipin complex could 
modulate the DNA polymerase ! function at the 
replication fork. 
Significance: These findings further our 
understanding of the replication fork dynamics 
in metazoans. 
 
SUMMARY 
 The Tim/Tipin complex plays an 
important role in the S-phase checkpoint and 
replication fork stability in metazoans, but 
the molecular mechanism underlying its 
biological function is poorly understood. 
Herein, we present evidence that the 
recombinant human Tim/Tipin complex (and 
Tim alone) markedly enhances the synthetic 
activity of DNA polymerase ! . In contrast, no 
significant effect on the synthetic ability of 
human DNA polymerase "  and #  by 
Tim/Tipin was observed. Surface plasmon 
resonance measurements and co-
immunoprecipitation experiments revealed 
that recombinant DNA polymerase !  directly 
interacts with either Tim or Tipin. In 
addition, the results of DNA band shift assays 
suggest that the Tim/Tipin complex (or Tim 
alone) is able to associate with DNA 
polymerase !  bound to a 40-/80-mer DNA 
ligand. Our results are discussed in view of 
the molecular dynamics at the human DNA 
replication fork. 
_______________________________________ 
 
 Accurate transfer of the genetic 
information is critical for survival of living 
organisms. Checkpoint control pathways prevent 
the transmission of incompletely replicated or 
damaged DNA to daughter cells. Genotoxic 
insults, spontaneous errors arising during 
replication as well as endogenous blocks (the so-
called replication fork barriers) impede 
replisome progression and may trigger 
chromosomal rearrangements and genomic 
instability. To cope with these problems, cells 
have evolved S phase checkpoints, which sense 
stalled replication forks and DNA damage and 
delay cell cycle progression until the problems 
are solved [1-3].  
 Stabilization of stalled replication forks 
in the presence of DNA damage or at difficult-
to-replicate templates is necessary in order to 
 http://www.jbc.org/cgi/doi/10.1074/jbc.M112.398073The latest version is at 
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prevent their collapse and inability to restart 
synthesis after recovery [4]. It was proposed that 
in yeast stabilization of paused forks is carried 
out by three proteins: Mrc1, Tof1 and Csm3 in 
Saccharomyces cerevisiae [5] and Mrc1, Swi1 
and Swi3 in Schizosaccharomyces pombe [6]. 
Swi1 and Swi3 or Tof1 and Csm3 form a stable 
complex (fork protection complex, FPC). These 
proteins are all mediators of the replication 
checkpoint [7-13] and were found to move with 
the replication forks in normal S phase [5, 14]. 
Therefore, they are thought to play a role even 
during unperturbed DNA replication that is 
independent on their checkpoint function [15]. 
Similar mechanisms of stabilization of the 
stalled forks are believed to operate also in 
metazoans, where Claspin, Tim and Tipin are the 
orthologs of Mrc1, Tof1 (Swi1) and Csm3 
(Swi3), respectively [16-19]. Like the yeast 
counterparts, these proteins participate in S 
phase checkpoint acting as mediators and are 
associated with the replisome, as demonstrated 
either in human cells [19] or in Xenopus egg 
extracts [20-21]. Tim and Tipin, whose level of 
expression peaks at the G1/S border during the 
cell cycle, form a hetero-dimeric stable complex 
located in the nucleus [18-19]. Several studies 
revealed that in budding yeast Tof1 is required 
for the regulation of the normal progression of 
DNA replication [8, 12 and 15] and a reduction 
in the expression levels of mammalian Tim (and 
Tipin) resulted in a decreased rate of DNA 
synthesis [16-19]. Furthermore, experiments 
performed in the Xenopus egg extracts system 
showed that Tim and Tipin interact and 
collaborate with the replication factor And1 to 
ensure a stable association of DNA polymerase 
! to the replisome and that the Tim/Tipin 
complex is required for fork restart after 
aphidicolin treatment [20, 22]. This is likely due 
to the ability of these factors to stabilize paused 
replication forks and to prevent disassembly of 
the replisome. Consequently, forks are ready to 
resume DNA replication once the blockage 
and/or damage has been removed. Claspin, an 
additional important S phase checkpoint 
mediator, is also believed to play a critical role 
during unperturbed DNA replication. As a 
matter of fact, DNA replication in Xenopus egg 
extracts occurred somewhat more slowly than 
normal after immuno-depletion of Claspin [23]. 
Interestingly, in human cells over-expression of 
Claspin enhanced the rate of cell proliferation 
[24] and Claspin was shown to promote normal 
replication fork rate either in HeLa cells or in 
primary fibroblasts by means of DNA combing 
experiments [25]. In S. cerevisiae Mrc1 was 
demonstrated to directly interact with Pol2, the 
catalytic subunit of DNA polymerase !, either 
during normal S phase or after checkpoint 
activation [26]. This interaction is believed to be 
important to avoid dissociation of DNA 
polymerase ! from leading strand during 
checkpoint. In fact, Pol2 dissociated from the 
replisome after HU-treatment in yeast cells 
lacking Mrc1 and the same behavior was also 
observed in Tof1-depleted cells, in line with the 
proposal that Mrc1 associates with Tof1 at the 
replication fork. Co-immunoprecipitation 
experiments revealed that Mrc1 interacted even 
with the Mcm2 subunit of the Mcm2-7 complex 
[26].  
 Overall, genetic and biochemical 
analyses carried out in yeasts and metazoans 
indicate the existence of an evolutionarily 
conserved molecular mechanism that 
functionally couples the replicative DNA 
helicase (the Cdc45/Mcm2-7/GINS, CMG, 
complex [27]) with DNA polymerase " on the 
lagging strand by the action of And1 and Tipin 
(Ctf4 in yeast) and with DNA polymerase ! on 
the leading strand by means of Claspin and 
Tim/Tipin (Mrc1 and Tof1/Csm3 or Swi1/Swi3 
in budding yeast) [3]. In line with this proposal, 
we report here evidence that the human 
Tim/Tipin complex (and Tim alone) directly 
interacts with DNA polymerase ! and 
specifically enhances its synthetic activity. 
 
EXPERIMENTAL PROCEDURES 
 Plasmids and baculoviruses - Human 
Tipin open reading frame (ORF) was PCR-
amplified from an OriGene clone (OriGene 
accession number NM_017858) and cloned into 
the pGEX-4T-1 vector (GE Healthcare) using 
the following oligonucleotides: Tipin-BamHI 
forward (5’-
TTTGGGGGATCCATGCTAGAACCACAGG
AGAATGGCGTGATT-3’) and Tipin-XhoI-His6 
reverse (5’-
GGGTTTCATATGCTAGAACCACAGGAGA
ATGGCGTG-3’). The ORF sequence was 
confirmed by sequencing analysis (PRIMM, 
Milan, Italy). The plasmid expressing the 
truncated form of human Tim (Flag-Tim5) was 
already described [28, 29]. The baculoviruses 
expressing the human DNA polymerase " 
subunits (p261, Flag-p59, p17 and p12) were a 
generous gift from J. Hurwitz (Memorial Sloan 
Kettering Cancer Center, New York, USA). 
 Purification of human Tipin - 
Escherichia coli Rosetta cells (Novagen) were 
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transformed with the plasmid pGEX-4T-1-Tipin-
His6 and grown at 37 °C in 2 litres of LB (Luria-
Bertani) medium containing 100 !g/ml 
ampicillin and 30 !g/ml cloramphenicol. When 
cells reached an A600 of 0.8 OD, protein 
expression was induced by adding IPTG (at 0.2 
mM) to the medium and the culture incubated 
for additional 4 hours at 22 °C. Cells were 
harvested by centrifugation (10800 x g for 10 
minutes at 4 °C) and the resulting pellet was re-
suspended in 40 ml of Tipin-lysis buffer (20 mM 
Hepes-NaOH, pH 7.5, 300 mM NaCl, 1% Triton 
X-100; 5 mM "-mercaptoethanol, 800 nM 
aprotinin, 4 mM benzamidine, 2 mM phenyl-
methyl-sulfonyl fluoride, PMSF) and subjected 
to three consecutive passages through a French 
pressure cell apparatus (Aminco Co.) at 1500 
p.s.i. After centrifugation at 4 °C for 30 minutes 
at 65000 x g the cell extract was incubated with 
4 ml of glutathione Sepharose beads (GE 
Healthcare) for 1 hour at 4 °C. Then the resin 
was extensively washed with of glutathione-
washing buffer (20 mM Hepes-NaOH, pH 7.5, 
500 mM NaCl, 1% Triton X-100, 5 mM "-
mercaptoethanol) at room temperature and the 
protein was eluted with glutathione-elution 
buffer (20 mM Hepes-NaOH, pH 7.5, 150 mM 
NaCl, 5 mM "-mercaptoethanol, 20 mM L-
glutathione). The fractions were pooled and 
incubated with thrombin protease (GE 
Healthcare) in a dialysis tube in order to remove 
the GST fused at the N-terminus of Tipin. The 
dialysis step was performed at room temperature 
for 16 hours against 3 liters of a buffer having 
the following composition: 20 mM Hepes-
NaOH, pH 7.5, 150 mM NaCl, 5 mM "-
mercaptoethanol. The dialyzed protein was 
mixed with 4 ml of glutathione Sepharose resin 
and incubated for 1 hour at 4 °C in order to 
remove the cleaved GST. The resulting flow-
through fraction (which contained Tipin-His6 but 
not GST) was then mixed with 4 ml of Nickel-
NTA agarose resin (Qiagen) and incubated for 1 
hour at 4 °C. The resin was extensively washed 
with Nickel-washing buffer (20 mM Hepes-
NaOH, pH 7.5, 300 mM NaCl, 5 mM "-
mercaptoethanol) and finally the protein was 
eluted with an imidazole gradient (25-500 mM) 
in Nickel-washing buffer. The fractions 
containing Tipin-His6 were pooled and the pool 
was dialysed against QA buffer (20 mM Hepes-
NaOH, pH 7.5, 100 mM NaCl, 5 mM "-
mercaptoethanol, 10% glycerol) and loaded onto 
a MonoQ (10/100) column at 0.5 ml/min using 
an ÄKTA apparatus (GE Healthcare). The 
column was extensively washed with the same 
buffer and the bound proteins were eluted with a 
linear gradient of NaCl (0.1-1 M). Elution 
fractions were collected and concentrated. 150 
!g of Tipin-His6 were loaded on a Superdex200 
(10/300) column using an ÄKTA system in 
buffer containing 20 mM Hepes-NaOH, pH 7.5, 
200 mM NaCl, 5 mM "-mercaptoethanol, 10% 
glycerol. The column was calibrated by running 
a set of gel filtration markers that included: 
ferritin (440 kDa), yeast alcohol dehydrogenase 
(150 kDa), bovine serum albumin (67 kDa) and 
chymotryprsinogen (25 kDa). Finally, Tipin-His6 
was concentrated and stored in aliquots at - 80 
°C. 
 Purification of human Tim - Sf9 insect 
cells (20 x 106 cells/15-cm dish x 6 dishes) were 
grown at 27 °C in Sf900 medium (GIBCO) 
supplemented with 10% fetal bovine serum and 
gentamycin (10 !g/ml). The cells were infected 
with a fresh-amplified recombinant baculovirus 
stock expressing Flag-Tim. 48 hours post-
infection cells were harvested by centrifugation 
at 800 x g for 10 min, washed with ice-cold PBS 
and re-suspended in 5 ml of Tim-lysis buffer (50 
mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% 
glycerol, 0.1% Nonidet P-40, 1 mM DTT, 50 
mM NaF, 1 mM Na3VO4, 2 mM PMSF) 
containing a protease inhibitors cocktail 
(Roche). Cells were disrupted with 5 cycles of 
sonication and centrifuged at 65000 x g for 30 
minutes at 4 °C. !-Flag M2 beads (1 ml; Sigma) 
were incubated with cell extract for 2 hours at 4 
°C and then washed with Tim-washing buffer 
(50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 0.1% 
Nonidet P-40, 10% glycerol, 1 mM 
dithiothreitol, DTT). Bound proteins were eluted 
with 5 ml of Flag-elution buffer (50 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 1 
mM DTT, 200 !g/ml Flag peptide [Sigma]). The 
pool of fractions containing Flag-Tim was 
dialyzed against 1 liter of Flag-elution buffer 
without Flag peptide and then concentrated up to 
0.5 mg/ml. Flag-Tim (100 !g) was layered onto 
a 8-ml preformed glycerol gradient (from 15 to 
40% glycerol in 50 mM sodium phosphate 
buffer, pH 7.5, 30 mM NaCl, 1 mM DTT, 
0.005% Triton X-100) and subjected to 
centrifugation at 250000 x g for 12 hours at 4 
°C. A parallel gradient was used to fractionate a 
mixture of the following standard proteins: 
ferritin (440 kDa), catalase (232 kDa), yeast 
alcohol dehydrogenase (150 kDa) and bovine 
serum albumin (67 kDa). Fractions containing 
Flag-Tim were pooled and dialyzed against the 
glycerol gradient buffer containing 10% 
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glycerol, concentrated and stored in aliquots at - 
80 °C. 
  Purification of the human 
Tim/Tipin complex and the truncated form Tim 5 
- The human Tim/Tipin complex was purified 
from HEK 293T cells transiently co-transfected 
with plasmids expressing His6-Tim-HA and 
His6-Tipin-3xFlag, as recently described [28, 
29]. Flag-Tim 5 was produced and purified using 
the same procedure utilized for the Tim/Tipin 
complex. 
The human Tim/Tipin complex was also 
produced using the baculovirus/insect cells 
system Sf9 insect cells (20 x 106 cells/15-cm 
dish x 25 dishes) were grown at 27 °C in Sf900 
medium (GIBCO) supplemented with 10% fetal 
bovine serum and gentamycin (10 !g/ml). The 
cells were infected with fresh-amplified 
recombinant baculovirus stocks expressing Flag-
Tim and Tipin. 48 hours post-infection cells 
were harvested by centrifugation at 800x g for 
10 min, washed with ice-cold PBS and re-
suspended in 20 ml of Tim-lysis buffer 
containing a protease inhibitors cocktail 
(Roche). Cells were disrupted with 5 cycles of 
sonication and centrifuged at 65000 x g for 30 
minutes at 4 °C. !-Flag M2 beads (1 ml) were 
incubated with cell extract for 2 hours at 4 °C 
and then washed with washing buffer Tim-
washing buffer containing 2 mM PMSF. Bound 
proteins were eluted with 4 ml of Flag-elution 
buffer. The eluted sample containing the 
Tim/Tipin complex was dialyzed over night 
against buffer A (Tris-HCl, pH 7.5, 50 mM 
NaCl, 0.5 mM EDTA, 1 mM DTT, 10% 
glycerol, 0.01% Triton-X-100) and loaded onto a 
Mini Q 4.6/50 PE column at 0.5 ml/min using an 
ÄKTA apparatus (GE Healthcare). The column 
was extensively washed with the same buffer 
and the bound proteins were eluted with 8-ml 
linear gradient of NaCl (50 mM -1 M). Fractions 
(0.25 ml each) were analyzed by SDS-PAGE 
and the ones that contained either Tim or Tipin 
were dialyzed separately over night against 
buffer B (50 mM sodium phosphate, pH 7.5, 30 
mM NaCl, 10% glycerol, 1 mM DTT, 0.005 % 
Triton-X-100). Aliquots of each fraction were 
tested for the presence of DNA polymerase " 
stimulatory activity. Then, the dialyzed fractions 
were pooled and dialyzed over night against 
buffer C (50 mM sodium phosphate, pH 6.0, 50 
mM NaCl, 0.5 mM EDTA, 10% glycerol, 1 mM 
DTT, 0.01 % Triton-X-100). The dialyzed pool 
was loaded onto a Mini S 4.6/50 PE column at 
0.5 ml/min using an ÄKTA apparatus (GE 
Healthcare). The column was extensively 
washed with the same buffer and the bound 
proteins were eluted with 5-ml linear gradient of 
NaCl (50 mM -1 M). Fractions (0.25 ml each) 
were analyzed by SDS-PAGE and the ones that 
contained either Tim or Tipin were dialyzed over 
night against buffer B (50 mM sodium 
phosphate, pH 7.5, 30 mM NaCl, 10% glycerol, 
1 mM DTT, 0.005 % Triton-X-100). Aliquots of 
each fraction were tested for the presence of 
DNA polymerase " stimulatory activity in 
enzymatic assays. 
 Purification of the human replicative 
DNA polymerases - The human DNA 
polymerases ! and " used for the enzymatic 
assays were purified from exponentially growing 
HeLa cells, as described [30]. DNA polymerase 
# was produced in recombinant form in Sf9 
insect cells and purified as described [31]. The 
human DNA polymerase " used for the 
protein/protein interaction studies was purified 
from Sf9 insect cells (20 x 106 cells/15-cm dish 
x 11 dishes), which were co-infected with 
freshly amplified baculoviral stocks expressing 
its four subunits (p261, Flag-p59, p17 and p12). 
48 hours post-infection cells were harvested, 
washed with ice-cold PBS and re-suspended in 4 
ml of hypotonic buffer (20 mM Hepes-NaOH, 
pH 7.5, 5 mM KCl, 1.5 mM MgCl2, 10% 
glycerol, 1 mM DTT, 0.01% Nonidet P-40 and 2 
mM PMSF) containing a protease-inhibitors 
cocktail (Roche) and 30 units/ml of Benzonase 
(Sigma). In order to guarantee a complete cell 
disruption, the sample was also subjected to four 
sonication cycles and incubated for 30 minutes 
at room temperature with gentle shaking. After 
addition of NaCl (at 150 mM) and EDTA (at 1 
mM), the sample was centrifuged at 65000x g 
for 30 minutes. The resulting supernatant was 
incubated with !-Flag M2 beads (1 ml) for 2 
hours at 4 °C with shaking. The beads were 
washed with washing buffer (20 mM Hepes-
NaOH, pH 7.5, 5 mM KCl, 1.5 mM MgCl2, 10% 
glycerol, 1 mM DTT, 0.01% Nonidet P-40), 
containing 300 mM NaCl. Elution was carried 
out with 4 ml of the same buffer containing 150 
mM NaCl at 150 mM and the Flag peptide (200 
!g/ml). The fractions containing DNA 
polymerase " were pooled and the pool was 
dialyzed against PBS buffer, concentrated and 
stored in aliquots at -80 °C.  
 DNA polymerase assays - DNA 
polymerase assays on poly(dA)-oligo(dT) were 
carried out in a volume of 25 !l using [3H-
Methyl]dTTP as radioactive precursor, as 
previously described [32]. Each DNA 
polymerase was titrated in the respective assay 
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buffer and the effect of Tim/Tipin (or Tim or 
Tipin alone) was measured at an amount of 
enzyme that gave 15-30% of the maximal 
activity (DNA polymerase ! at 15 nM, DNA 
polymerase ! at 8 nM and DNA polymerase " at 
0.54 nM). The resulting level of incorporated 
dTTP was measured with a scintillation counter 
and the results were reported as the stimulation 
folds of each DNA polymerase against the 
concentrations of Tim, Tipin or Tim/Tipin used 
in the assays. The average values of stimulation 
and the standard deviations reported in the 
graphs were obtained from three independent 
experiments.  
 Primer extension assays were carried out 
using a 40-/80-mer DNA duplex as a 
primer/template. The 40-mer synthetic primer 
(5’-
AGCTCCTAGGGTTACAAGCTTCACTAGG
GTTGTCCTTAGG-3’) was labelled at the 5’-
end with ["-32P]ATP by T4 polynucleotide 
kinase (Roche) and purified from the 
unincorporated radionuclide by passage over a 
Micro Bio-Spin 30 column (Bio-Rad). Then, the 
purified primer was annealed to a 2-fold molar 
excess of a cold complementary 80-mer 
synthetic oligonucleotide that acted as the 
template (5’-
GCTGATCAACCCTACATGTGTAGGTAAC
CCTAACCCTAACCCTAAGGACAACCCTA
GTGAAGCTTGTAACCCTAGGAGCT-3’). 
The activity of human DNA polymerase # was 
titrated in mixtures (10 µl) containing the above 
40-/80-mer primer/template (at 10 nM) and the 
four dNTPs (each at 100 nM) in the respective 
assay [32]. The effect of Tim/Tipin (or Tim full 
length and Tim 5, or Tipin alone) was analyzed 
using an amount of DNA polymerase # (0.2 nM) 
that gave a low level of primer elongation. The 
reactions were carried out at 37 °C for 30 
minutes, stopped with 2 #l of stop solution (98% 
formamide, 0.1% bromophenol blue and 0.1% 
xylen cyanol). The samples were denatured at 95 
°C for 5 minutes, chilled on ice and then run on 
a 12%-polyacrilamide/bis (19:1) gel containing 7 
M urea in 0.5 x TBE buffer (1$ TBE had the 
following composition: 89 mM Tris Base, 89 
mM boric acid, 2 mM EDTA, pH 8.3). Then, the 
gel was dried, exposed to a phosphorimaging 
screen and analyzed using a Typhoon Imager 
(GE Healthcare). The elongated primers were 
quantified using the ImageQuant software (GE 
Healthcare) and the resulting values were 
reported as stimulation folds of each DNA 
polymerase against the concentration of Tim, 
Tipin or Tim/Tipin used in the assays. The 
reported plots contain average values of 
stimulation with standard deviations derived 
from three independent experiments. 
 Surface plasmon resonance 
measurements - Dynamic interactions of the Tim 
and Tipin proteins with recombinant DNA 
polymerase " were analyzed by using the surface 
plasmon resonance biosensor system 
Biacore2000 (Biacore). Tim (7700 resonance 
units, RU) and Tipin (6000 RU) were 
immobilized on a CM5 sensor chip in 10 mM 
sodium acetate buffer (pH 4.0 and pH 3.5, 
respectively), according to the manufacturer’s 
instructions. To collect the sensorgrams, 
increasing concentration of human DNA 
polymerase " (1.2, 2.4, 6, 12, 24, 48 nM) in PBS 
buffer were fluxed over the sensor chip surface 
at a flow rate of 20 #l/min. Recorded 
sensorgrams were normalized to a baseline of 0 
RU and the relative dissociation constants (KD) 
values were calculated using the BIA Evaluation 
software (version 3.2).  
 Immunoprecipitation experiments - 
Mixtures (30 #l) containing purified Tim (2 #g) 
and/or recombinant DNA polymerase # (2 #g) in 
PBS buffer were incubated for 1 hour at 4 °C 
with shaking. 30 #l of Protein A-agarose beads 
(Roche) were mixed with 0.6 #g of polyclonal 
anti-Tim antibodies (Abcam) in 300 #l of PBS 
buffer for 1 hour at 4 °C with shaking. After an 
extensive wash with PBS buffer in order to 
remove the unbound antibodies, the beads were 
re-suspended in 300 #l of PBS buffer. 100 #l of 
beads were mixed with the binding mixtures 
containing Tim and/or DNA polymerase " and 
incubated for additional 2 hours at 4 °C. The 
beads were then washed with 3 x 600 #l of PBS 
buffer containing 0.1% Nonidet P-40 and re-
suspended in 30 #l of SDS-PAGE loading buffer 
(50 mM Tris-HCl, pH 6.8, 10% glycerol, 200 
mM %-mercaptoethanol, 0.5% SDS, 0.01% blue 
bromophenol). Samples were subjected to 
electrophoresis through 8% polyacrylamide/bis 
(29:1) gel that was also loaded with aliquots of 
purified recombinant Tim and DNA polymerase 
" (0.7 and 0.4 µg, respectively) and the unbound 
fractions (1/3 of the total).  
Immuno-precipitation analyses were carried out 
with recombinant DNA polymerase # (1 µg) and 
purified Flag-Tim 5 (0.21 µg) or full-length 
Flag-Tim (2 µg) in the conditions described 
above. Bound proteins were washed with 3 x 
600 µl of PBS containing 0.2% Nonidet P-40. 
Aliquots of DNA polymerase ", full-length Tim 
and Flag-Tim 5 (0.5, 0.35 and 0.21 µg, 
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respectively) and the immuno-precipitated 
proteins were separated through a precast 
denaturing gel (Any kD Mini Protean gel, Bio 
Rad Laboratories).  
The gels were electro-blotted onto a PVDF 
membrane and proteins on the blot were detected 
with a monoclonal horseradish peroxidase-
conjugated anti-Flag antibody (Abcam) or with a 
mouse monoclonal !-p261 antibody (Santa 
Cruz) using the ECL+ detection system (GE 
Healthcare). 
 Immuno-precipitation analysis from cell 
extracts – HEK 293T cells (1.5 x 106/10 cm-
dish) were transiently transfected with plasmids 
expressing full-length human Tim, the truncated 
versions of Tim [18] and the empty vector as a 
control, using the procedure previously 
described [28]. Cells were harvested after 18 
hours post-transfection, washed with ice-cold 
PBS and re-suspended in 300 µl of IP buffer (20 
mM Hepes-NaOH, pH 7.2; 150 mM KCl; 0.1% 
Triton X-100; 1 mM DTT; 2 mM EDTA; 1 mM 
Na3VO4; 5% glycerol, protease and phosphatase 
inhibitors [Roche]). Cell were disrupted with 5 
cycles of sonication and centrifuged at 16000 x g 
for 30 minutes at 4 °C. Cell extracts were 
clarified with 10 µl of Protein G-agarose 
(Roche) for 1 hour at 4 °C, with shaking, and the 
supernatants were further incubated with 10 µl 
of !-Flag-agarose M2 (Sigma) for 2 hours at 4 
°C. The beads were extensively washed with IP 
buffer and the bound proteins were re-suspended 
in SDS-PAGE loading buffer (50 mM Tris-HCl, 
pH 6.8, 10% glycerol, 200 mM "-
mercaptoethanol, 0.5% SDS, 0.01% blue 
bromophenol). Samples were separated through 
an 8% polyacrylamide/bis (29:1) gel, electro-
blotted onto a polyvinylidene difluoride (PVDF) 
membrane and analyzed by western blot, as 
above described. 
 Electrophoretic mobility shift assays 
(EMSAs) - A DNA ligand made of a 40-mer 
DNA oligonucleotide annealed to a 
complementary 80-mer oligonucleotide was 
prepared as described above. The DNA shift 
assay mixtures (10 !l) had the following 
composition: 20 mM Tris-HCl, pH 7.5, 10 mM 
MgCl2, 0.7 mM "-mercaptoethanol, 10 nM 
radio-labeled DNA ligand, recombinant Tim or 
Tipin or Tim/Tipin complex (either at 50 or 200 
nM). Where indicated, DNA polymerase #, 
purified from HeLa cells, was added to a final 
concentration of 0.1 nM. The samples were 
incubated for 20 minutes at 25 °C and the 
protein/DNA complexes were separated by 
electrophoresis through a 5% polyacrylamide/bis 
gel (37.5:1) in 0.5 $ TBE buffer. Gels were dried 
and analyzed by phosphorimaging.  
 
RESULTS 
 The Tim/Tipin complex (and Tim 
alone) specifically stimulates the synthetic 
activity of DNA polymerase ! - The Tim/Tipin 
complex was proposed to act as a functional 
tether between the replicative DNA polymerases 
and the DNA helicase at the replication fork. In 
fact, immuno-precipitation experiments carried 
out on extracts from synchronized HEK293T 
cell cultures revealed that epitope-tagged Tim 
and Tipin associate with the endogenous 
replication fork proteins, such as Mcm2 and 
DNA polymerase # and $, during S phase [19]. 
All that considered, we decided to investigate 
whether any functional interaction could take 
place in vitro between human recombinant 
Tim/Tipin (or the isolated Tim and Tipin 
proteins) and the three replicative DNA 
polymerases. In an initial set of experiments we 
analyzed whether the Tim/Tipin complex (or 
Tim and Tipin alone) could exert any effect on 
the synthetic activity of DNA polymerase !, $ 
and #. The recombinant proteins used in this 
study are shown in Figure 1. The human 
Tim/Tipin complex was purified from 
mammalian cells transiently co-transfected with 
plasmids expressing His6-Tim-HA and His6-
Tipin-3xFlag, as recently described [28-29]. A 
Flag-tagged version of human Tim was 
produced separately in insect cells infected with 
a recombinant baculovirus; whereas, human 
Tipin was expressed separately in bacterial cells 
as a fusion with GST at the N-terminus 
(cleavable with the site-specific endo-protease 
thrombin) and a poly-Histidine tag at the C-
terminus and purified as described in 
Experimental Procedures. After having titrated 
the synthetic activity of the human replicative 
DNA polymerases using poly(dA)-oligo(dT) as a 
primer/template in the specific reaction 
conditions, we found that the Tim/Tipin complex 
and Tim alone could dose-dependently and 
specifically stimulate the synthetic activity of 
DNA polymerase #, as shown in Figure 2. We 
observed that incorporation of radio-labelled 
dTTP by DNA polymerase # was increased by 
more than 15 folds in the presence of Tim/Tipin 
at concentrations that were above 100 nM. These 
values represent a molar excess of more than 
200 folds over the DNA polymerase 
concentration used in the assays (0.6 nM). The 
high molar ratio between Tim/Tipin (or Tim 
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alone) and DNA polymerase ! required for the 
maximal stimulation might depend on the fact 
that only a fraction of the recombinant 
Tim/Tipin complex retains a putative cell cycle-
specific post-translational modification required 
for its full biological activity. On the other hand, 
we observed a modest stimulation of DNA 
polymerase " and # synthetic activity in the 
presence of the Tim/Tipin complex (or Tim 
alone). No effect was detected on all the three 
replicative DNA polymerases by increasing 
amounts of the purified recombinant Tipin 
protein. Moreover, Tim/Tipin (or Tim alone) did 
not affect the synthetic function of DNA 
polymerase " also in the presence of the sliding 
clamp Proliferating Cell Nuclear Antigen 
(PCNA; V. Aria et al., data not shown). Next we 
carried out an additional set of assays in order to 
visualize the products synthesized by the DNA 
polymerases in the presence of Tim/Tipin (or 
Tim alone). This analysis was performed using a 
DNA duplex made of a 40-mer primer annealed 
to a complementary 80-mer template as the 
substrate. As shown in Figure 3, we found that 
the synthetic activity of DNA polymerase ! was 
markedly enhanced on this primer/template in 
the presence of Tim/Tipin (up to 15 folds). 
Instead, no effect was detected on DNA 
polymerase # and " on the same substrate (V. 
Aria et al., data not shown) even when we 
carried out the enzymatic assays at the same 
polymerase:Tim molar ratio used to obtain the 
maximal stimulation of the DNA polymerase ! 
activity (V. Aria et al., data not shown). To rule 
out the possibility that our purified samples of 
Tim/Tipin (and Tim alone) were contaminated 
by any polymerase activity, in all sets of 
experiments we performed control assays where 
the maximal amount of these proteins was used 
without adding the tested DNA polymerase (i. e., 
see lanes 10 and 18 of the gel in Figure 3A). It 
could be also questioned that the stimulation of 
DNA polymerase ! is not due to the Tim/Tipin 
complex but to any contaminating protein from 
the HeLa cell extract that remains associated to 
it during the purification procedure. To address 
this issue, we produced human Tim/Tipin using 
the insect cell-baculovirus expression system, 
purified the recombinant protein complex by a 
procedure that, in addition to the Flag-agarose 
affinity step, included two high-resolution 
chromatographies on ion-exchange columns 
(Mini Q and Mini S) and found that the DNA 
polymerase ! stimulatory activity tracked with 
the Tim/Tipin protein peaks eluted from these 
columns with salt gradients (Figure 4).  
 In order to analyze the effect of 
Tim/Tipin on the polymerase processivity we 
carried out assays at a low enzyme to 
primer/template ratio (1:20) for shorter 
incubation times to ensure that each product 
would correspond to a single DNA polymerase 
!-DNA elongation event (single-hit conditions; 
[33]). This analysis revealed that in the presence 
of Tim/Tipin (and Tim alone) length distribution 
of the products synthesized by DNA polymerase 
! did not change (V. Aria et al., data not shown). 
 Taken together, these data suggest that 
the Tim/Tipin complex (or Tim alone) enhances 
the synthetic function of DNA polymerase ! in a 
dose-dependent and specific manner on various 
kinds of DNA primer/template molecules, 
whereas Tipin alone does not exert any 
stimulatory effect on any of the three replicative 
DNA polymerases. 
 Tim and Tipin directly interact with 
DNA polymerase ! - The finding that Tim/Tipin 
(or Tim alone) specifically stimulated DNA 
polymerase ! prompted us to investigate whether 
a direct physical interaction could be detected 
between these proteins in vitro by using the 
surface plasmon resonance technique. For these 
analyses the hetero-tetrameric DNA polymerase 
! (purified from baculovirus-infected insect 
cells; Figure 1, lane 5) was fluxed over a sensor-
chip on which recombinant Tim (or Tipin) was 
immobilized. Figure 5 shows the overlaid 
sensorgrams obtained by testing six increasing 
concentrations of human DNA polymerase ! 
(from 1 to 50 nM) either on Tim- or Tipin-
immobilized sensor-chips (Panel A and B, 
respectively). These results indicated that DNA 
polymerase ! physically interacted with both 
Tim and Tipin, although with different binding 
affinity (KD of 6.8 x 10
-8 M for Tim and 5.3 x 10-
6 M for Tipin). These data were confirmed by 
co-immuno-precipitation of the recombinant 
proteins (Figure 6). In these experiments we 
used Protein A-agarose beads conjugated with 
anti-Tim antibodies on mixtures containing 
recombinant hetero-tetrameric DNA polymerase 
! (with a Flag-tagged version of the p59 subunit) 
and Flag-tagged Tim. The results of this analysis 
revealed that the recombinant human DNA 
polymerase ! directly interacted with Tim. 
 Next we analyzed the physical 
interaction of DNA polymerase ! with many 
Tim truncated forms already described [18]. 
Plasmids expressing Flag-tagged versions of 
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these Tim truncated forms were transiently 
transfected into HEK 293T cells. Interaction of 
these proteins with the endogenous DNA 
polymerase ! was tested by co-immuno-
precipitation experiments carried out on extracts 
of the transfected cells. Flag-Tim 5 (which 
includes residues 1082-1208 of Tim polypeptide 
chain) was found to be unable to interact with 
the endogenous DNA polymerase !, whereas all 
the other tested Tim deleted forms co-immuno-
precipitated with DNA polymerase ! although to 
a different extent (Figure 7). These findings 
suggest that an extended surface of the Tim 
polypeptide chain might be involved in the 
interaction with DNA polymerase !. Then, we 
purified the Flag-Tim 5 protein from HEK 293T 
transfected cells by the same procedure used for 
the Tim/Tipin complex. We found that Flag-Tim 
5 did not directly interact with human 
recombinant DNA polymerase !, as indicated by 
co-immuno-precipitation assays with anti-Tim 
antibodies (Figure 8, Panel A). Besides, Flag-
Tim 5 was unable to enhance the synthetic 
activity of DNA polymerase ! on a 40-mer/80-
mer primer/template (Figure 8, Panel B). These 
results provide further evidence that the 
observed stimulatory effect on DNA polymerase 
! is truly due to Tim/Tipin and not to any 
contaminating activity of our protein 
preparations. 
DNA binding activity of Tim/Tipin and DNA 
polymerase ! - We analyzed whether DNA 
polymerase ! affected DNA binding of the 
Tim/Tipin complex and Tim and Tipin alone. It 
was previously observed that S. cerevisiae DNA 
polymerase ! prefers primer/template DNA 
molecules having a duplex region of at least 40 
base pairs as a substrate in enzymatic assays in 
vitro [33]. Based on this observation, we 
performed band-shift assays of human DNA 
polymerase ! in the absence and presence of 
Tim/Tipin (or Tim and Tipin alone) on the same 
40-/80-mer utilized as the primer/template in the 
polymerase assays (Figure 9). A fixed amount of 
DNA polymerase ! (0.1 nM) was used in the 
presence of two amounts of Tim/Tipin (and Tim 
or Tipin alone). We found that DNA polymerase 
! alone (lane 2 in each gel) formed a single 
protein/DNA complex. Addition of Tim/Tipin 
(at 50 and 200 nM in lane 3 and 4, respectively, 
of the gel shown in Panel A of Figure 9) resulted 
in the formation of a super-shifted band. This is 
likely to correspond to a DNA-DNA polymerase 
!-Tim/Tipin ternary complex, because the same 
amounts of Tim/Tipin in the absence of DNA 
polymerase ! did not produce any appreciable 
DNA-shift (see lanes 6 and 7 in Figure 9 Panel 
A). Similarly, in the presence of Tim a super-
shifted band was detected in addition to the one 
due to the DNA binding activity of DNA 
polymerase ! alone (lanes 2-4 in the gel reported 
in Figure 9 Panel B). This is likely to correspond 
to a ternary complex containing DNA, DNA 
polymerase ! and Tim, since the same amounts 
of Tim did not result in any appreciable DNA-
shift, when DNA polymerase ! was absent 
(lanes 6 and 7 in the gel in Figure 9 Panel B). In 
contrast, in similar assays Tipin did not bind 
DNA either alone or in the presence of DNA 
polymerase ! (see gel shown in Figure 9, Panel 
C). Overall, these EMSAs suggested that 
Tim/Tipin and Tim alone interacted with DNA 
polymerase ! bound to a 40-/80-mer DNA 
primer/template. 
 
DISCUSSION 
 Replication checkpoint pathways 
respond to DNA damage and to various stress 
conditions during S phase by delaying cell cycle 
progression, stabilizing stalled forks and 
promoting DNA repair. An evolutionarily 
conserved set of proteins (Tof1/Swi1/Tim, 
Csm3/Swi3/Tipin, Ctf4/Mcl1/And1 and 
Mrc1/Claspin) plays a critical role in this 
process. It moves with the replication forks in 
normal S-phase both in yeasts and in metazoans 
and is thought to stabilize the replisome even 
during unperturbed replication in a way that is 
independent of its checkpoint function [5, 14, 
19]. This mechanism reduces the extension of 
single-stranded DNA regions due to the 
uncoupling of the replicative DNA polymerases 
from the DNA unwinding machinery at the 
paused replication forks and ensures that 
components of the replisome are hold together 
ready to resume their activity (DNA synthesis 
and unwinding) after the obstacle has been 
removed [3]. Coordination of the replicative 
DNA polymerases and the DNA helicase (CMG 
complex [27]) takes place even during normal S 
phase and in the absence of these proteins all 
replication forks move at only half the normal 
rate in yeast cells [12, 15].  
 In Xenopus laevis and in human cells 
Tim and Tipin were demonstrated to be 
replication fork-associated factors, but their 
function is not essential for genome duplication 
[19-21]. Nonetheless, these proteins appeared to 
be critical for efficient cell growth and/or 
organism development, since knockout of mouse 
Tim provoked embryonic lethality [34], whereas 
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its down-regulation affected the correct lung and 
kidney morphogenesis [35-36]. The exact 
biochemical functions played by Tim, Tipin 
and/or the Tim/Tipin complex in mammals has 
not been elucidated so far, although they are 
clearly implicated in S-phase checkpoint, DNA 
replication and in chromosome cohesion [16-19, 
37-38]. Furthermore, while a number of genetic 
interactions were described in yeast for 
Tof1/Swi1 and Csm3/Swi3, only a few direct 
protein/protein interactions involving the 
mammalian counterparts of these factors were 
identified so far. In fact, human Tipin was 
demonstrated in two-hybrid screens to directly 
interact with the 34-kDa subunit of replication 
protein A and peroxiredoxin2 [19], and Xenopus 
Tipin was found to directly interact with the 
replication/cohesion factor And1 (Ctf4 in S. 
cerevisiae) and the p180 catalytic subunit of 
DNA polymerase ! [22]. On the other hand, 
only Claspin, in addition to Tipin, was reported 
so far to be a direct binding partner of Tim [39].  
 Our analysis revealed that the human 
Tim/Tipin complex (and Tim alone) was able to 
enhance the synthetic activity of DNA 
polymerase " in vitro in the absence of other 
replication factors (such as replication protein A, 
replication factor C and proliferating cell nuclear 
antigen). Therefore, the observed stimulation 
appears to derive from a direct action of 
Tim/Tipin (or Tim alone) on DNA polymerase " 
without the intervention of additional replication 
factors. In fact, we demonstrated that both Tim 
and Tipin directly interacted with DNA 
polymerase " by surface plasmon resonance 
measurements and by co-immuno-precipitation 
experiments. Furthermore, the results of EMSAs 
suggested that the Tim/Tipin complex (and Tim 
alone, even though to a lesser extent) associated 
with DNA polymerase " bound to DNA, as 
revealed by the presence of a super-shifted DNA 
band when Tim/Tipin (or Tim alone) was added 
to the mixtures (Figure 9). In addition, we 
believe unlikely that Tim/Tipin and Tim alone 
stimulated DNA polymerase " in an unspecific 
way, simply by covering inhibitory sites on the 
single-stranded DNA template. In fact, we found 
that both Tim/Tipin and Tim alone bound the 
40-/80-mer primer/template with very low 
affinity in EMSAs (Figure 9 and our 
unpublished results) and, moreover, the 
stimulatory effect was exerted specifically on 
DNA polymerase ", but not on the two other 
replicative DNA polymerases.  
 The results of this work suggest that the 
stimulation of human DNA polymerase " by 
Tim/Tipin (or Tim alone) does not derive from 
an increase of the enzyme processivity and we 
can postulate that it could be due to an improved 
primer/template utilization whose molecular 
bases require a more thorough investigation to 
be clarified. However, it is worth noting that this 
effect was specifically observed for DNA 
polymerase ", the enzyme acting on the leading 
strand, whereas the synthetic activity of the 
lagging-strand DNA polymerases (DNA 
polymerase ! and #) was not affected in the 
presence of Tim/Tipin (or either Tim or Tipin 
alone). It should be mentioned that the yeast 
Mrc1 factor was found to directly interact with 
the catalytic subunit of DNA polymerase " [26] 
and to stably associate with Tof1/Csm3 (and 
Swi1/Swi3) [5-6]. Furthermore, human Claspin 
was found to stably associate with the replisome 
and to interact with Tim and DNA polymerase " 
[28, 39]. On the other hand, in the Xenopus egg 
extracts system and in mammalian cells, it was 
demonstrated that Tipin and the replication 
factor And1 (Ctf4 in yeast) interact with each 
other and independently bind the p180 catalytic 
subunit of DNA polymerase ! to facilitate its 
loading and stable association with chromatin 
[22, 40]. Our unpublished results indicated that 
the Tim/Tipin complex directly interacted with 
recombinant purified Mcm2-7 complex and 
Cdc45, which are components of the CMG 
complex, the replicative DNA helicase [27]. The 
yeast and Xenopus counterparts of these factors 
together with Mrc1/Claspin were found to 
associate with the advancing replisome and to 
interact in vivo with the CMG complex [14, 20, 
26].  
 Overall, biochemical analyses carried 
out in yeasts and metazoans suggest the 
existence of an evolutionarily conserved 
mechanism to ensure replication fork stability 
and coordination of DNA unwinding and 
synthesis. This mechanism is based on the 
interaction of Mrc1/Claspin and Tof1/Swi1/Tim 
with DNA polymerase " on the leading strand 
and of Ctf4/Mcl1/And1 and Csm3/Swi3/Tipin 
with DNA polymerase ! on the lagging strand 
[3]. It would be interesting to analyze whether 
Claspin in collaboration with Tim/Tipin affects 
the synthetic activity of the replicative DNA 
polymerases and/or the unwinding function of 
the CMG complex. In fact, Claspin is an 
additional component of the multi-molecular 
assembly responsible for the safeguard of the 
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replisome and coordination of its enzymatic functions. 
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FIGURE LEGENDS 
 
Figure 1. Purified recombinant proteins. His6-Tim-HA/His6-Tipin-3Flag complex (5 !g, lane 1), 
Flag-Tim (4 !g, lane 2), Tipin-His6 (5 !g, lane 3, extra bands are due to proteolytic degradation of the 
protein) and DNA polymerase " complex (10 !g, lane 4) were run on a 4-15% polyacrylamide 
gradient-SDS gel, which was stained with Coomassie Blue. The DNA polymerase " subunits (p261, 
Flag-p59, p17 and p12) are indicated on the right. Migration of marker proteins run on a parallel lane 
is indicated on the left. 
 
Figure 2. Effect of human Tim/Tipin, Tim and Tipin on replicative DNA polymerases synthetic 
activity. The amount of [3H-Methyl]dTTP incorporated into a poly(dA)-oligo(dT) substrate by DNA 
polymerase # (15 nM, Panel A), $ (8 nM, Panel B) and " (0.54 nM, Panel C) were analyzed in the 
presence of increasing concentration of Tim/Tipin (circles) or Tim alone (squares) or Tipin alone 
(diamonds). The activities were normalised to the values calculated in the absence of Tim/Tipin, Tim 
and Tipin alone. 
 
Figure 3. Primer elongation capability of DNA polymerase " is enhanced by Tim/Tipin and Tim. (A) 
Elongation activity of DNA polymerase " was measured on a 40-/80-mer as the primer/template, as 
described in Experimental Procedures. A fixed amount of DNA polymerase " (0.2 nM) was assayed 
alone (lane 2) or in the presence of increasing concentrations of recombinant Tim or Tim/Tipin 
complex (12.5, 25, 50, 100, 200, 400, 700 nM; lanes 3-9 and lanes 11-17, respectively). Control 
assays were carried out which contained only Tim or Tim/Tipin (at 700 nM) in the absence of DNA 
polymerase ! (lanes 10 and 18, respectively). All the reactions, including the blank sample (lane 1), 
were stopped and loaded on a 12% polyacrylamide/bis (19:1) gel containing 7 M urea in 0.5 x TBE 
buffer. The electrophoretic run was carried out in the same buffer at 30 Watt. (B) The radioactivity of 
the elongated products was quantified using the ImageQuant software (GE Healthcare). The intensity 
of the signal in each lane was normalized to the value calculated for the reaction carried out by DNA 
polymerase ! alone. In the plot average values are reported with error bars from three independent 
experiments carried out in the presence of Tim (squares) or Tim/Tipin (circles). 
 
Figure 4. Analysis of the recombinant human Flag-Tim/Tipin complex purified from insect cells. An 
aliquot of the indicated fractions eluted with a salt gradient from Mini Q (20 µl; A) and Mini S (10 µl; 
B) columns were analyzed by a denaturing 8% polyacrylamide:bis (29:1) gel stained with Coomassie 
Blue. Migration of marker proteins run on a parallel lane is indicated on the left. An aliquot (2 µl) of 
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the indicated fractions eluted from Mini Q (C) or Mini S (D) was analyzed for the presence of DNA 
polymerase ! stimulatory activity using a 40-/80-mer as the primer/template, as described in the text. 
The assays were carried out in the presence of a fixed amount of DNA polymerase ! (Panel C, lanes 
2-9; Panel D, lanes 2-7) or without DNA polymerase ! as control reactions (Panel C, lanes 10-16; 
Panel D, lanes 8-12). All the reactions, including the blank sample (lane 1 of each gel), were stopped 
and loaded on a 12% polyacrylamide/bis (19:1) gel containing 7 M urea in 0.5 x TBE buffer. The 
electrophoretic run was carried out in the same buffer at 30 Watt. The radioactivity of the elongated 
products was quantified using the ImageQuant software (GE Healthcare). The intensity of the signal 
in each lane was normalized to the value calculated for the reaction carried out by DNA polymerase ! 
alone. 
 
Figure 5. Dynamic interaction of DNA polymerase ! with immobilized Tim and Tipin. The 
recombinant DNA polymerase ! complex was fluxed at increasing concentrations (1.2, 2.4, 6, 12, 24 
and 48 nM, lower to upper curves) over a Tim- and Tipin-immobilized sensor-chip using a Biacore 
2000 instrument (Panel A and B, respectively). An overlaid plot of sensorgrams was obtained 
corresponding to the recorded resonance units (RU) versus time (s). 
 
Figure 6. DNA polymerase ! and Tim co-immunoprecipitate. Immuno-precipitation experiments 
were carried out using Protein A-agarose beads conjugated with anti-Tim antibodies and mixtures of 
purified recombinant Flag-Tim and DNA polymerase !, as described in Experimental Procedures. 
The samples were subjected to SDS-PAGE and Western blot analysis with anti-Flag antibodies to 
detect recombinant Flag-Tim and the Flag-p59 subunit of the recombinant DNA polymerase !, as 
indicated. Aliquots of Flag-Tim and DNA polymerase ! (0.7 and 0.4 µg, lanes 1 and 2, respectively) 
as input, the bound (lanes 3-5) and unbound proteins (lanes 6-8) present in each sample were 
analyzed.  
 
Figure 7. Interaction of Tim truncated forms expressed in mammalian cells with endogenous DNA 
polymerase !. (A) Extracts of HEK 293T cells not transfected (lane 1), transfected with empty vector 
(lane 2) or with plasmids expressing full-length Flag-Tim or its truncated derivatives (lanes 3-8) were 
subjected to co-immuno-precipitation experiments with "-Flag-agarose beads, as indicated in 
Experimental Procedures. Bound proteins were analyzed by immuno-blotting and detected with 
monoclonal "-Flag (Abcam) and "-p261 (Santa Cruz) antibodies. (B) Schematic representations of 
the Tim truncated forms used in Panel A, as previously described [18]. 
 
Figure 8. Physical and functional interaction of purified Tim 5 with DNA polymerase !. (A) Immuno-
precipitation experiments were carried out on mixture of purified DNA polymerase !, full-length Tim 
or Tim 5 with "-Tim antibodies, previously immobilized on Protein A-agarose, as indicated in 
Experimental Procedures. DNA polymerase ! (0.5 µg), full-length Tim (0.35 µg) and Tim 5 (0.21 µg) 
and bound proteins (lanes 1-8) were analyzed by Western blot using "-Flag antibodies. (B) The 
elongation capability of a fixed amount of DNA polymerase ! (0.2 nM) alone (lane 2) or in the 
presence of increasing concentrations of purified Tim 5 (12.5, 25, 50, 100, 200, 400, 700 nM, lanes 4-
10, respectively) or Tim/Tipin (700 nM, lane 11) was measured on a 40-/80-mer substrate, as 
indicated in Experimental Procedures. Control assays were carried out with Tim 5 alone (700 nM, 
lane 3). 
 
Figure 9. EMSAs with DNA polymerase ! and Tim/Tipin (and Tim or Tipin alone). DNA-band shift 
assays were carried out using a radio-labelled 40-/80-mer DNA ligand (10 nM) and DNA polymerase 
! either alone (lane 2 of each gel) or in the presence of the indicated concentrations of Tim/Tipin, Tim 
and Tipin alone (lanes 3 and 4 of Panels A-C, respectively). The DNA binding activity of Tim/Tipin, 
Tim and Tipin alone was also assayed (lanes 5 and 6 of each gel). Samples were run on native 
polyacrylamide/bis (37.5:1) gels in 0.5 x TBE. After electrophoresis gels were dried and analyzed by 
phosphorimaging, as described in Experimental Procedures. Unbound DNA, wells and protein-DNA 
complexes are indicated on the right side of each gel. 
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